Fragmentation mechanisms of peptide assemblies under shock deformation are studied using molecular dynamics simulations and are found to depend strongly on the relative magnitude of the shock front radius to the fibril length and the ratio of the impact energy to the fibril cohesive energy. The competition between size scaling of curvature and impact energy leads to a mechanism change at a critical impact velocity, developing a stark contrast in the size scaling of fragmentation at low and high strain rates. We show that the fragmentation mechanisms can be classified on the basis of the length and time scales of deformation and relaxation to provide new insight into experimental observations.
Introduction
Self-assembling materials, such as peptide nanotubes, amyloids, and amphiphiles, have length-and morphology-dependent mechanical and physical properties that are crucial for their functional behavior [1] [2] [3] [4] . Disruption of biomolecular materials through sonication, shaking, and other mechanical agitation methods perturbs self-assembly processes, enabling superior control over the length distribution of emergent functional nanostructures [5] [6] [7] [8] . Shock deformation can be used to control the propagation kinetics of protein fibrils [7] [8] [9] [10] [11] , transiently disrupt cells and cellular membranes for drug delivery [12] [13] [14] , manipulate the length distribution of carbon nanotubes (CNTs) [15] [16] [17] [18] , and activate mechanophore polymers for damage detection [19, 20] . Mechanical breakup of peptides can also be linked to infectious pathways of neurodegenerative diseases [21] . Perturbations, such as ultrasonication, facilitate shock deformation through nanoscale water hammer effects induced by micro/nano jets that pierce through biomolecular assemblies, leading to fibril breakage. Sonication experiments and shock simulations attribute the primary mechanism of breakup to high local stresses, which is supported by experimental findings that illustrate a strong molecular weight dependence of the scission processes [22] , including simulations of CNTs and lipid bilayers [13, 18] . Self-assembling fibrils with reversible interactions has been observed to either proliferate or break down, as described by 1D kinetics [11, 15] . However, kinetics models that consider specific breaking mechanisms other than single-point scission under tensile stress are yet to be developed. Also, further studies on the underlying physics of fragmentation are needed to investigate the length dependence scaling of the fragmentation rate. Fragmentation processes due to mechanical perturbations are expected to depend on fibril size, and simulations of CNTs and peptide nanotubes have suggested that bending and buckling deformations govern fragmentation under shock deformation [18, 23] .
The objective of this investigation is to gain a fundamental understanding of shock-induced fragmentation of biomolecular assemblies, in the spirit of similar studies that have addressed breakup mechanisms in other systems, including spaghetti and rain drops [24] [25] [26] [27] . In pursuit of this objective, we present largescale molecular dynamics simulations that explain how shock loading of biomolecular assemblies orthogonal to the axis of the fibril activates failure and fragmentation mechanisms and how these mechanisms depend on fibril length, impact velocity, shock front radius, as well as fibril and solvent properties.
Materials and Methods
Overview of the Modeling Approach. The goal of the molecular dynamics simulation methodology is to investigate the fragmentation and breakage of biomolecular fibrils under shock loading. Since the length and time scales relevant to this problem lie beyond the current capabilities of all-atom molecular dynamics simulations, a coarse-grained computational method that is capable of taking information from atomistic simulations or experiments is needed to capture structural and molecular level details [28] [29] [30] [31] [32] . To address this issue, an atomistically informed coarse-grained simulation methodology is employed in this study. The model is utilized to study the fragmentation dynamics of biomolecular assemblies under nanoscale shock loading relevant to mechanical agitation conditions, such as ultrasonication. The modeling approach overcomes the shortcomings of atomic simulations by extending analyses to microscopic length and time scales, while retaining key mechanical properties as predicted from all-atom simulations.
Here, we consider a simple 2D network model that aims to represent b-sheet biomolecular assemblies, in this particular case, amyloids shown in Fig. 1(a) in the manuscript. The coarse-grained model for the biomolecular assembly is geometrically analogous to an X-braced truss beam in structural mechanics or, similarly, elastic network models often used in protein mechanics [33] . However, instead of harmonic (or equivalently linear elastic) interactions for the vertical and diagonal elements of the structural model, we employ effective intermolecular potentials that represent the softening and breaking of intersubunit interactions (bonds) at large deformation. This simple model is computationally much faster than more detailed coarse-grained models. Additionally, the minimalistic approach allows direct incorporation of binding energy and rigidity information of the molecular assemblies, which can be calculated from all-atom simulations or experiments. The simplicity of the model makes it useful to study the characteristic fragmentation mechanisms of a broad range of self-assembling fibrils, ranging from ultrastiff to ultrasoft. A limitation of the model is that the native state (connectivities) of the molecule is defined by the initial definition of bonded interactions; hence, reassembly occurs only locally. At the timescales studied, the effects of reassembly on the fragmentation mechanisms are negligible, but we anticipate that reformation of hydrogen bonds following impact could play a role in self-assembling peptides that exhibit self-healing due to reversible assembly/disassembly over longer time scales [34] . Our model has characteristics similar to elastic network models that have been utilized extensively in investigating protein folding and unfolding [29, 33, 35] . However, the utilization of the Morse potential instead of harmonic potentials enables the application of the methodology to large-scale mechanical behavior and fragmentation of biomolecular assemblies.
The key distinguishing aspects of the model include (i) computational efficiency in relation to models with higher level of detail, enabling microsecond and micrometer scale simulations; (ii) dynamic treatment of breakage and reassembly under tension, bending, and shear type deformations; (iii) realistic treatment of intersubunit interactions and intersubunit spacing to achieve accurate fragmentation size distributions with no resolution dependence issues; (iv) capability to match intersubunit binding energies and molecular properties, such as persistence length, with only a few simple parameters; and (v) easy implementation in standard MD software [36] .
Structural Model and Molecular Interactions. In our 2D fibril model, the lattice points can be connected by one of the three types of different intermolecular potentials representing vertical bonds, diagonal bonds, and lateral bonds. The lateral bonds are modeled with a harmonic potential to preserve the horizontal integrity of the fiber. A harmonic potential eliminates the effects from breaking horizontal bonds, so the effects from breaking vertical and diagonal bonds can be clearly identified. The vertical bonds and the vertical force component of the diagonal bonds restrain the motion of the molecular subunits (shown as lateral lines) in the axial direction. The diagonal bonds provide shear rigidity that arises from complementary electrostatic molecular interactions [2, 37] in between two subunits, in particular, hydrogen bonds. These two bonds are described by a Morse potential of the following form:
Here, r 0 is the equilibrium bond distance, a is the stiffness parameter, and D 0 describes the strength of the potential as characterized by the depth of the potential well. A Taylor expansion of the Morse potential up to second order terms provides the effective spring constant for small, linear elastic deformations,
This linearization provides a simple, direct link between interatomic potential parameters and the macroscopic mechanical properties of the biomolecular assembly. Since these parameters are expected to be strongly dependent on molecular geometry, sequence, solvent conditions, as well as other factors, we define our parameters to be in the characteristic range of values admissible to biomolecular materials by taking amyloids as an example structure [38, 39] . Systematic atomistic simulations can be carried out for a particular system to provide accurate mapping of all parameters defined in this model.
The spring constants for vertical and diagonal bonds are defined as k v and k d , respectively. With this definition, the bending and shear rigidity of the molecule can be calculated straightforwardly. The bending rigidity of the molecule, given as D B ¼ EI in continuum mechanics, where E is the elastic modulus and I is the moment of inertia, is given as 
Here, B and h refer to the width and intersubunit spacing of the fibril, respectively. The vertical stiffness contribution of the diagonal springs is negligible for the present study but can be included in more general cases. Defining h ¼ tan À1 h=B ð Þ, the shear rigidity, given as D T ¼ GA, where G is the shear modulus and A is the cross-section, can be expressed as
By using experimentally informed values for the bending rigidity of amyloid fibers, the spring constant the vertical bonds, k v , is calculated using Eq. (3). Subsequently, the value for k d is calculated on the basis of D B /D T ratios observed from earlier MD and discrete Fourier transform (DFT) studies on b-sheet structures [2] and using the following relation:
Our earlier studies yielded a D B /D T ratio 2.04 nm 2 [2] , with a broad variation in simulation and experiments arising from the challenges in exactly estimating the elastic constants and geometric properties. The 2D model parameters yield a ratio of 2.64 nm 2 , in good agreement with our earlier studies. The elastic moduli for the horizontal and vertical directions are assumed to be isotropic as a first assumption, since the exact values will depend on the nanostructure. The trends observed for scaling relationships are expected to hold for a broad range of horizontal spring constants. The value for k h is determined by assuming the moduli are equal; the following relation takes into account the contribution of the diagonal bonds:
The mass per layer was taken as 942 amu, based on a cyclic peptide that resembles amyloid structures [3, 40] . The specific weight per system may vary depending on protein sequence, geometry, etc. The geometric parameters are B ¼ 12 Å and h ¼ 4.75 Å . The binding energy per layer is estimated to be 80 kcal/mol based on the energy of a hydrogen bond and the average number of hydrogen bonds per layer in a typical amyloid fibril (approximately 4 kcal/mol, 20 H-bonds per layer), which is a conservative value compared to DFT calculations [41] . Assuming equal energy contributions, D 0 ¼ 20 kcal/mol for the four vertical and diagonal bonds in each subunit. The parameters calculated from these initial conditions are listed in Table 1 .
Given the broad spread of material properties calculated in experiments and simulations, it is important to provide sensitivity analyses for the parameters chosen. For this purpose, we present an analysis that clarifies how specific material parameters, in particular, bending rigidity and binding energy, control the fragmentation mechanisms. The bending rigidity of the model is varied from 1 Â 10 À26 Nm 2 to 1 Â 10 À24 Nm 2 for a 47.0-nm fibril. The dimensions of the fibril, as well as the binding energy, are unchanged. The same procedure from above is used to calculate the remaining parameters. The stiffness parameters, a, for the vertical and diagonal bonds and k h are adjusted so that the fibril has the desired bending rigidity. Following this analysis, the binding energy per layer is varied from 20 kcal/mol to 300 kcal/mol for a 47.0-nm fibril. In this case, the bending rigidity remains constant at 2 Â 10 À25 Nm 2 . The stiffness parameters for the vertical and diagonal bonds are modified so that each fibril has the same bending rigidity. To verify the resultant bending rigidity in the simulations, one end of a fibril is fixed and the other end is pushed with a point force; the resulting deflection determines the particular bending rigidity. All of the fibrils reasonably matched their expected values.
Simulation Setup. Biomolecular assemblies of length 47.0 nm and 237.0 nm are constructed as input structures to large-scale atomic/molecular massively parallel simulator (LAMMPS) [36] and visualized using visual molecular dynamics (VMD) [42] . All simulations are carried out using Langevin dynamics in a 2D plane, where the motion of particles is governed by the Langevin equation of the form
Here, q is the position vector for particles, s is the relaxation time scale inversely related with the background solvent viscosity, m is the particle mass, R(t) is a zero-mean random times series with a uniform distribution, k B is the Boltzmann constant, and T is temperature. All simulations are carried out at T ¼ 300 K and s ¼ 100 fs, unless otherwise stated. Mechanical deformation of the biomolecular assembly is achieved by driving a cylinder of radius R with constant velocity v to collide with the biomolecular assembly at the equilibrium center point computed after an equilibration simulation of 1 microsecond. Generally, the number of fragments will depend on the impact location, and center impact maximizes the number of fragments formed. For R ) L or R ( L, the impact location plays a less important role on the fragmentation. The interaction between the surface of the cylinder and the biomolecule is captured by a harmonic repulsive spring with k ¼ 10 kcal/ mol/Å
Results and Discussion
In order to understand the fragmentation mechanisms of biomolecular assemblies, the size and distribution of the fragments are investigated. The effect of mechanical agitation may generally vary from a single-point scission in polymers to transient local failure and poration in membranes, where the number of fragments is expected to be small, to ultimate breakdown of fibrous assemblies, where fragmentation is maximized and occurs at a rate that exceeds the rate of propagation. We adopt a single metric for quantifying the fragmentation process: the total number of fragments formed. This quantity is instrumental in identifying critical transitions between fragmentation mechanisms.
Our molecular dynamics simulations aim to assess how freestanding biomolecular assemblies ( Fig. 1(a) ) in a viscous medium fragment under impact or shock scenarios are relevant to mechanical agitation in experiments ( Fig. 1(b) ). The model setup is illustrated in Fig. 1(c) and discussed further in the Materials and Methods section. In our simulations, a cylindrical rod (circular in
smooth bond breaking and reformation between subunits, which are modeled as two beads connected with a harmonic spring. Here, r 0 is the equilibrium bond distance, a is a stiffness parameter, and D 0 describes the depth of the potential well. For small deformations, the effective spring constant can be written as k ¼ 2D 0 a 2 . The persistence length of the molecule can be estimated as D B =k B T % 48lm, where D B ¼ EI is the bending rigidity in continuum mechanics, E is the elastic modulus, and I is the moment of inertia. For the simple model presented here, the bending rigidity is given as D B ¼ B 2 k V h=2. The variables in this model are B ¼ 12 Å and h ¼ 4.75 Å , which refer to the width and intersubunit spacing of the fibril, respectively, and k V is the effective vertical spring constant. We simulate the motion of the particles using Langevin dynamics, where the random and dissipative forces mimic background solvent viscosity. We note that our model is largely 2D, which possibly gives rise to greater fragmentation and simpler mechanisms than a 3D system where load distributions and multiple mechanisms can be activated. Future studies could utilize the established protocol to look at specific systems using more sophisticated 3D coarse-grained models.
The interaction parameters are chosen to approximately match the binding energy, compressibility, and persistence length of amyloids, which are taken here as an example biomolecular assembly. Although the first order approximation of the Morse potential facilitates the replication of basic mechanical properties, the behavior of the bonds at failure may differ slightly from amyloids. During shear deformations of amyloids, the hydrogen bonds exhibit distinct failure mechanisms, including the stick-slip mechanism [2] , while the X-braced truss of our model by design cannot display such complex behavior. However, these mechanisms are often activated when a single strand is pulled out, which would be the case when R is much smaller than L. In the present study, the length of the fibrils and the choice of radii are sufficiently large such that failure primarily occurs via bending-induced noncooperative bond breaking, for which shear deformations between subunits can be considered as negligible. Earlier studies on peptide assemblies have shown that intersubunit interactions have strong softening in tension due to diminishing electrostatic and van der Waals interactions, which is in line with the Morse potential that also exhibits smooth softening [40] . At larger length scales of fibrils, the truss model can also exhibit geometric strain stiffening, as observed in some amyloids [4] .
The central purpose of our simulations is to assess how fibril length plays a role in the fragmentation process. Anticipating that the size of the fibril relative to the size of the shock front at the time of the impact should be a key parameter governing fragmentation, we first present results that assess how the ratio of the fibril length to the shock front radius is correlated with the number of fragments. These results are summarized for fibrils with L ¼ 47.0 nm (Figs.  2(a) and 2(b) ) and L ¼ 237.0 nm (Figs. 2(c) and 2(d) ) for fast (Figs.  2(a) and 2(c) ) and slow deformation rates (Figs. 2(b) and 2(d) ), as characterized by impact velocities above and below a critical velocity, v*. This transition has been characterized with a critical velocity instead of a critical load rate due to its simplicity relative to defining an effective load rate over a curved surface. Regardless of the measure used, the scaling concepts should still be applicable. Simulations illustrate that, if the shock front radius, R, is much smaller than the length of the fibril, L, the number of fragments formed cannot be very high, even at high impact velocities. In this Fig. 2 Number of fragments as a function of impact velocity and shock front radius are shown. Here, the number of fragments observed after the impact are plotted as a function of impact velocity (v) and the ratio of shock front radius to the fibril length (R/L). It is observed that the number of fragments increases with the impact velocity ((a)-(d) ). Likewise, the number of fragments increases with the size of the impact region (indenter) up to 2 R » L. Beyond this point, further increasing the shock front radius ceases to increase fragmentation at fast rates ((a) and (c)). More interestingly, at slow rates, this leads to reduction of the total number of fragments ((b) and (d)) subunits.
case, local penetration occurs before damage propagates extensively away from the impact zone. Increasing R while keeping L constant leads to a proportional increase in the total amount of impact energy imparted on the fibril, due to a greater contact area at impact. An increase in fragmentation with increasing R is clearly seen at fast rates (Figs. 2(a) and 2(c) ) and saturates when the shock front diameter exceeds the fibril length because the contact area can no longer increase. Surprisingly, this size-scaling is reversed at slow rates, where increasing the ratio R/L facilitates some increase in fragmentation at low ratios but causes a decline in the number of fragments as the ratio exceeds approximately unity. This observation holds for both fibril lengths studied. At slow deformation rates, a peak is generally observed at 2 R < L, and, at very slow rates, this peak becomes less evident as the number of fragments approaches one (no fragmentation) for all ratios of R/L. These results suggest that a mechanism change occurs at a critical velocity, v*, that is observed to be in the same order of magnitude for both fibril lengths studied.
Snapshots from the simulations provide further insight into the changes that occur as the length and time-scales of shock deformation, which are characterized by the ratio R/L and the impact velocity, v, are varied. In the case of fast impact velocity and small shock front radius with respect to fibril length, the snapshots confirm that breakage occurs by local shearing and penetration of the fibril (Fig. 3(a) ). The ultimate fragmentation pattern shows that the fragments do not have adequate time to slip away from the surface in the viscous environment. The fragments stretch and, subsequently, stripping of the fibril occurs around the boundary of the shock front (Fig. 3(b) ). At slow deformation rates and small shock front radius, breaking is facilitated predominantly by bending due to the curvature of the shock front radius. Experimental studies have suggested that lower bending rigidity leads to greater fragmentation in a broad range of peptide assemblies, which corroborates this finding [3, 21, 38] . The curvature and kinetic energy induced on the fibril cause large tensile stresses that lead to a bubble burst type failure of the fibril (Fig. 3(c) ). Large v and small R/L ratio facilitate further breakage, due to compression waves that propagate axially and produce buckling in the fibrils. For cases where the shock front size exceeds the fibril length, the initial imparted impact energy saturates, because the contact area remains roughly constant as the fibril is smaller than the shock front. More importantly, as R increases, curvature induced on the fibril diminishes significantly, which causes less bending strain in the biomolecular assembly. If the tension imparted on the fibril is greater than the tensile strength of the intermolecular interactions, the fibril cannot remain in equilibrium by simply stretching to accommodate curvature-induced strain. Elongational dynamics of the fibril lead to tensile scission at one or more points of the molecule. This leads to yet a different mechanism that is characterized by the elongational breakup of the molecule, as shown in Fig. 3(d) . Our parametric study encompassing a wide range of impact velocities and R/L ratios suggests that, ultimately, the shock front radius effect on fragmentation depends on two competing size effects: (i) a proportional scaling of the number of fragments with shock radius due to an increase in impact surface area and (ii) an inverse scaling of the number of fragments due to a decrease in curvature-induced bending strain. The relative importance of (i) over (ii) depends on the impact energy, which is governed by the impact velocity.
An analysis of the impact velocity on the number of fragments indicates the existence of a critical velocity, v*, that facilitates a distinct change in the governing failure mechanism. The number of fragments is observed to increase and saturate beyond a critical velocity (Figs. 4(a) and 4(b) ) on a regular plot. More interestingly, a semilog plot of the number of fragments versus v reveals that a sharp transition in the number of fragments occurs as v* % 200 m/s is exceeded (Figs. 4(c) and 4(d) ). Comparison with simulation snapshots indicate that this change can be attributed to a transition from the elongation and bubble (bag) burst-type mechanisms to a stripping breakup mechanism that occurs only at high impact velocities. While this critical velocity, v*, does not seem to be strongly dependent on L, it is observed to be strongly dependent on solvent viscosity and inertia, characterized by relaxation time, s, in the Langevin equation and particle mass, m, respectively.
The effect of interatomic forces and the emergent bending rigidity of the fibril on the fragmentation mechanisms are investigated further. First, we examine how specifically the bending rigidity of the fibril influences the number of fragments. The simulations show that increasing bending rigidity while keeping binding energy constant increases the critical transition velocity (Fig. 5(a) ). At an intermediate velocity (Fig. 5(b) ), the softer fibrils display a positive trend as the indenter size increases, while the stiffer fibrils display a peak followed by a negative trend as the indenter size increases. These trends imply that 200 m/s is above the critical velocity, v*, for the softer fibrils but not the stiffer fibrils. Following this, the dependence of the critical velocity on the binding energy between peptide subunits is investigated. We observe that lower energy fibrils produce more fragments, and a similar shift in the velocity dependence curves can be observed, even with moderate changes in the binding energy (Fig. 5(c) ). Additionally, at v ¼ 350 m/s, the least stable fibril shows the positive trend with shock radius, whereas the most stable fibril remains below its critical velocity (Fig. 5(d) ). These results clearly show that the critical velocity, v*, is related directly to the bending rigidity and binding energy, where an Fig. 3 Classification of fragmentation mechanisms. The layers that are below the bond breaking threshold are displayed as cylinders. The radius of the cylinder depicts the strain on each segment. At fast impact velocities, the molecules break by stripping along the shock front boundary, and fragmentation is maximized as the shock front diameter approaches fibril length ((a) and (b)). For small shock front radii and slow rates, the fibril breaks locally in a burst type of mechanism that causes fragmentation by local penetration, bending, and buckling mechanisms induced by the curvature of the shock front (c). As the shock front radius exceeds the end-to-end length of the fibril, curvature diminishes significantly, and the total impact energy ceases to increase due to saturation of the contact area. The fibril breaks in tension upon impact due to axial stresses and elongational vibrations along the fibril, leading to rupture at one or more points near the center of the fibril (d). These results suggest that a smaller fibril size relative to the shock front radius will be more robust under mechanical agitation if the fragmentation mechanism is dominated by curvature rather than initial impact energy. , the softer fibrils display a positive trend as the indenter size increases, while the stiffer fibrils display a negative trend as the indenter size increases. These trends imply that v 5 200 m/s is above the critical velocity for the softer fibrils but not the stiffer fibrils. By altering the cohesive energy per layer of the model, the lower energy fibrils produce more fragments. As a result, a similar shift in the velocity dependence curves is observed (c). At v 5 350 m/s, the strongly cohesive fibril is below the critical velocity, whereas the weakly cohesive fibril is above the critical velocity. increase in either parameters will lead to a decrease in the number of fragments formed at a given impact velocity. Additionally, increase in R/L ratio leads to smoother, sharper transitions compared to systems with lower R/L value.
These investigations lead to the question of whether v* could, in general, be characterized by dimensionless parameters, including inertial, viscous, as well as interatomic forces. The mechanisms and scaling considerations described here are in agreement with the fragmentation processes in other physical systems where the dimensionless Weber number characterizes fragmentation. For example, our results show close resemblance to those observed in classical studies on atomization (breakup) of liquid drops subject to a jet stream, where critical transitions between regimes depend on characteristic Weber numbers (We) [43] [44] [45] . The Weber number, We, is a nondimensional parameter defined as the ratio of the inertial forces acting on the droplet to the stabilizing surface tension force. For a given shock front radius and fibril length, a similar ratio can be written for our system by taking the ratio of the kinetic energy per particle after impact to the cohesive energy per particle, which scales with mv 2 /D 0 . The Weber number scaling confirmed by many experiments and our simulations suggests that fragmentation will increase with increasing velocity and particle mass but will decrease with increasing surface energy. This prediction is also in line with the comminution theory of solid mechanics [46] , which suggests that an increase in impact energy will result in smaller fragment sizes that facilitate more energy dissipation through creation of more fracture surface area.
However, for the specific case of a curved surface impacting a rigid fibril (simulations presented here), it is evident that the bending rigidity of the fibril influences number of fragments in a way that is independent of the cohesive energy. This observation suggests some geometric parameters need to be taken into account if a comprehensive scaling argument is proposed. Additionally, it is worth mentioning that, while the Weber number-dependent critical transitions are observed universally, the critical values defining these transitions generally depend on the viscous forces in the physical system. In our case, the solvent viscosity plays a complicated role in the mechanical fragmentation of biomolecular assemblies. It stabilizes the fibril by damping out thermal and mechanical vibrations that induce breakage, but it also provides large drag forces (scaling with the mv/s term in the Langevin equation), which facilitate the fragmentation of the molecule during its fast motion ahead of the shock front. In our studies, the first effect seems to be more dominant, leading to a suppression of the number of fragments and an increase of v* with decreasing viscosity. Similarly, an increase in particle mass is observed to increase fragmentation, which is in qualitative agreement with the relationship between the Weber number and the number of fragments. Additionally, curvature certainly plays a complicated role, where increasing the curvature increases the effective strain rate on the fibril, and the actual surface energy also varies with strain. In light of these considerations, the Weber scaling analogy here is largely qualitative. More in-depth investigations using the proposed modeling approach could utilize the framework developed in this study to yield quantitative scaling laws.
Conclusion
In this work, we presented results from molecular dynamics simulations that demonstrate distinct molecular mechanisms, in which critical length and time scales govern the mechanical fragmentation of biomolecular assemblies. The computational methodology enables the simulation of microscopic lengths and microsecond time scales with relatively simple potential terms that capture key factors, such as biomolecular elasticity, bending rigidity, and reversible interactions that sacrificially dissipate energy [37, 47] . The key finding of this study is that the size-scaling of fragmentation under impact and shock loading scenarios is characterized by a competition between the radius of curvature of the shock front and the impact energy. Simulations illustrate that a fibril much smaller than the radius of the shock front is mechanically more robust because, in this scenario, curvature-induced strain is low and a much larger kinetic energy is needed at impact to break and strip the molecule at the boundary of the shock front.
We find that the critical transitions between breakup mechanisms are governed by impact velocity, viscosity, inertia, and, most notably, the interaction strength and bending rigidity of the fibrils. These parameters generally agree with scaling laws based on energy considerations; specifically, we note that a Weber number-type energy argument can be helpful in predicting fragmentation trends but cannot solely describe the critical conditions, due to the complex effects of viscosity, impact geometry, and fibril rigidity. Another important finding from the simulations is that the elongational breaking of the fibrils, which leads to a single-point scission, depends strongly on strain rates and shock front radius and cannot be assumed to be the dominant mechanism a priori. Using the simulations as guidance, we predict that particular distributions of fibril length can be achieved by tuning the mechanical agitation conditions as well as the solvent viscosity and the molecular interactions. Further theoretical and computational investigations on biomolecular fragmentation are envisioned to be predictive multiscale kinetic models motivated from mechanism-based fundamental principles.
